2,4-D is a widely used phenoxy herbicide, potentially toxic to humans and biota. The objective of the present study was to reveal short term sublethal effects of 2,4-D on narrow-clawed freshwater crayfish (Astacus leptodactylus Eschscholtz, 1823), based on histology, total haemocyte counts, selected haemolymph parameters, and oxidative stress parameters. In the laboratory conditions crayfish specimens were exposed to 9 mg L -1 of 2,4-D for one week. Experiments were conducted under semi-static conditions in 20 L-capacity aquaria where 10 freshwater crayfish were stocked per aquarium. Exposure (experimental) and control groups were used and the experiments were repeated two times. No mortality and behavioural changes were recorded during the experiments. Total haemocyte counts decreased significantly, while haemolymph glucose levels increased (P<0.05), when compared to the control group. Haemolymph levels of calcium, chloride, sodium, potassium, magnesium, total protein, and lactate did not change. Exposure resulted with increased levels of malondialdehyde (MDA) only in hepatopancreas. However, results of gill FOX assay showed a significant decrease in oxidative stress parameters (P<0.05). MDA levels of gill and abdominal muscle tissues and FOX levels of hepatopancreas and abdominal muscle tissues did not change when compared to the control group. Significant histopathological alterations were observed both in hepatopancreas (multifocal deformations in tubule lumen) and gill tissue (melanisation of gill lamella). Exposure of crayfish even to a sublethal concentration of 2,4-D alters histopathology and lipid peroxidation due to stress. Biomarkers studied here seem to be useful for the assessment of adverse/toxic effects of pesticides on non-target, indicator aquatic organisms.
T h e f i r s t s u c c e s s f u l s e l e c t i v e h e r b i c i d e , 2,4-dichlorophenoxy acetic acid (2,4-D) , was developed in 1946. It belongs to the phenoxy herbicide family and is still one of the systemic herbicides widely used to control many types of broadleaf weeds (1) . It is used to control aquatic vegetation, in pasture and rangeland applications, in cultivated agriculture, forest management, home, and garden. It acts by sustaining high levels of the plant hormone auxin, which results in overstimulation of plant growth and death. In addition to this, it causes changes in the animal nervous system based on receptor interaction/interference of acetylcholine. Furthermore, it inhibits the acetyl cholinesterase (AChE) activity and increases the level of serotonin.
Available data on 2,4-D toxicity on aquatic organisms mostly rely on the reports of its acute toxic effects observed in different fish species. Oruc and Uner (4) studied the combined effects of azinphosmethyl and 2,4-D on Oreochromis niloticus to clarify the mode of its action on the cellular defence system. Farah et al. (5) (8) ; for catfish (Clarias batrachus) by studying micronuclei and erythrocyte alterations (9) , and DNA degradation and apoptotic effects (10) .
Detrimental effects of 2,4-D on the AChE activity were reported by Fonseca et al. (11) , who studied 96 h effects of 1 and 10 mg L -1 2,4-D on Leporinus obtusidens. The AChE activity of muscle tissue was reduced at both concentrations, as was the case at a concentration of 10 mg L -1 for brain tissue. Liver lactate and protein were significantly reduced after exposure to this herbicide. Plasma protein increased at both exposure concentrations. Catteneo et al. (12) reported an increased AChE activity in the brain and a decreased activity in muscle tissues after 600 mg L -1 to 700 mg L -1 2,4-D exposure for 96 h. In the same study, plasma glucose levels increased and vacuolation of hepatocytes and changes in its arrangement cords were observed in animals exposed to 700 mg L -1 of 2,4-D. Although the effects of 2,4-D were extensively studied in fish, very limited studies have been carried out in invertebrates. In a previous study, Benli et al. (2) estimated the 96 h LC 50 for freshwater crayfish to be 32.6 mg L -1 . In addition, 2,4-D exposure has been linked with gonadal tumours in shellfish (1, (13) (14) (15) (16) . Limited information about the effects of this widely used herbicide 2,4-D on the aquatic invertebrate histology and biochemical biomarkers are available in the open literature.
The objective of the present study was to reveal shortterm sublethal effects of 2,4-D on narrow-clawed freshwater crayfish (Astacus leptodactylus Eschscholtz, 1823), based on histology, total haemocyte counts, and measuring the levels of selected haemolymph parameters, as well as to evaluate the changes in basic oxidative stress parameters.
MATERIALS AND METHODS

Test organism
The narrow-clawed freshwater crayfish (Astacus leptodactylus Eschscholtz, 1823) was chosen as a representative of freshwater crustaceans, naturally distributed in water bodies around Eurasia (17) (18) (19) . Crayfish specimens (N=60) were obtained from a local breeder during the inter-moult stage. Their average weight was 25.36±3.27 g and the length was 9.62±0.43 cm. Crayfish were placed randomly in control and experiment groups, each containing 30 individuals.
Acclimatisation period
Crayfish were allowed to acclimatise under laboratory conditions for two weeks. During this period, they were fed ad libitum daily with raw fish. The tanks were cleaned by siphoning twice and were aerated constantly. Water temperature was adjusted by thermostatic heaters to 20
°C . All experiments were performed according to the rules of "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health (20) . 
Test concentration and exposure
The test concentration of 9 mg L -1 2,4-D was selected as the 25 % of the 96 h LC 50 value (32.6 mg L -1 ), previously established for freshwater crayfish in a static bioassay test system (2) . Under semi-static conditions, ten freshwater crayfish were stocked in each aquarium as a control and an exposure group. Exposure lasted for one week.
Haemolymph analysis
Following the exposure to 2,4-D, the haemolymph samples were taken from experimental animals. They were collected under ice anaesthesia on the basis of the second walking leg using a 2.5 mL disposable syringe. Briefly, first 0.9 mL of 4 % heparin was drawn into the syringe. Then 0.1 mL haemolymph was sampled from freshwater crayfish. Samples were used for determining the total haemocyte counts (THCs) and for haemolymph biochemical analyses. Total haemocyte counts were performed by modifications of the methods of Miller and Stanley (21), Evans (22) , and Ward et al. (23) . After haemolymph samples were centrifuged at 2500 g, 10 min at 4 °C , biochemical analyses were done by standard analytical techniques. Haemolymph Na + , K + , and Cl − levels were measured by ISE module of an auto analyser that employed crown ether membrane electrodes for sodium and potassium and a molecularoriented PVC membrane for chloride, which was specific for each ion of interest in the sample (24) . Glucose concentrations were analysed by the hexokinase method which is an enzymatic UV test (25) . Total protein, calcium, magnesium, and lactic acid were determined using a Beckman CX 7 autoanalyser (Beckman Coulter Inc., Diamond Diagnostics, USA)
Tissue analysis
After haemolymph sampling, crayfish were sacrificed immediately on ice anaesthesia for histological examination and tissue samples were collected for further analyses of oxidative stress parameters. All tissues were dissected and half of each gill, muscle, and hepatopancreas tissues were stored for oxidative stress analysis at -80 °C. The rest of the tissues (the other half of the hepatopancreas, muscle, gill with antennal gland, gonads digestive tract, and heart) were directly fixed in Davidson's fixative (26) .
Histological examination
After 24 h fixation in Davidson's fixative, tissues were transferred to 70 % ethyl alcohol. Routine histological tissue processing procedures were carried out as follows: dehydrated in alcohol series, cleared in xylene, embedded in paraffin. The paraffin blocks were sectioned with ThermoShandon 325 Finesse Rotary Microtome (Thermo Fisher Scientific, UK) and stained with hematoxylin and eosin (H&E). Slides were examined under a light microscope (Carl Zeiss, Germany), coupled with a camera.
Tissue MDA and ferrous oxidation assays
MDA levels in gills, muscles, and hepatopancreas were determined by the thiobarbituric acid (TBARS) assay (27) . Differences in two absorbance measurements from the butanol phase were used as MDA values (nmol per 100 mg of tissue). Additionally, the ferrous oxidation (FOX) assay, which is based on the oxidation of ferrous ions (Fe 
Statistical analyses
The results are the means ± SD with two replicates. Analysis of data concerning the differences between groups was made using a non-parametric Mann Whitney-U Test. The critical significance level for the statistical tests performed was set at 0.05. 
RESULTS AND DISCUSSION
Haemolymph analyses
Figure 1 a) Total haemocyte counts , b) haemolymph glucose, c) lactate, and d) total protein levels of freshwater crayfish after oneweek exposure to 2,4-D. *Different small letters indicate significant difference between means (P<0.05), N=30 samples/group
Our results on the elected haemolymph electrolytes in crayfish exposed to 9 mg L ). Magnesium and calcium can be suggested as environmental monitoring biomarkers and indicators of crustacean health (43) . In another study (35) , haemolymph calcium, magnesium, and potassium concentrations were not significantly different among the prawns exposed to 0.1-0.3 mg L -1 trichlorfon (44); while potassium levels also showed no statistically significant differences in the prawns exposed to 0.4 mg L -1 of trichlorfon (35) .
Histological analyses
Seven-day exposure to 2,4-D resulted with histological alterations in gill and hepatopancreas tissues of treated crayfish. However, there were no histological alterations observed in the control groups nor were there changes in other tissues of exposed crayfish, such as the tissues of antennal gland, gonads, muscle, heart, and digestive tract.
In gill tissues, melanisation ( Figure 2 ) and hyperaemia were observed. In the hepatopancreas, multifocal deformation in tubule lumen was seen (Figure 3 ). Gills are a vital organ for aquatic organisms, which can play important roles in transporting respiratory gases, arranging osmoregulation and ion exchange, and can act as the first barrier for waterborne pollutants. Similar to our results, Bahavan and Geraldine (45) suggested abnormal gill tips in the prawn Macrobrachium rosenbergii exposed to 32 ng L -1 endosulfan. Chang et al. (35) observed structural alterations such as necrotic, hyperplasic, and clavateglobate lamellae with swelling, fusion, and increased mucus secretion in prawns after exposure to 0.4 mg L -1 trichlorfon for 24 h. The tubular structured organ, hepatopancreas of crustaceans is known to be analogous to the mammalian liver, which is also susceptible to xenobiotics such as pesticides. Bahavan and Geraldine (45) Figure 1b . Toxicants and other environmental stressors can cause rapid hyperglycaemia in crustaceans just like in vertebrates. Crustaceans require a constant glucose supply for all organs and tissues (ex. muscle and brain). Glucose haemostasis is controlled by the hyperglycaemic hormone (CHH) produced by the X-organ-sinus-gland complex. Chang et al. (35) also found increased haemolymph glucose levels after 24 h exposure to 0.4 mg L -1 trichlorfon, an organophosphorus insecticide, in M. rosenbergii. High haemolymph glucose levels were also found after exposure to various pollutants such as cadmium, organic pollutants, naphthalene, and nitrite in red swamp crayfish, Procambarus clarkii (36), fiddler crab, Uca pugilator (37), U. pugilator (36) , and narrow-clawed crayfish (A. leptodactylus) (38) .
As seen in Figures 1c and 1d , haemolymph lactate and total protein levels were not altered significantly when compared to the control group. In decapods, lactate is the main product of anaerobic glycolysis; it usually increases in parallel with glucose level increase but slower. Contrary to our results, Bhavan and Geraldine (39) found increased haemolymph lactate levels in Macrobrachium malcolmsonii following exposure to endosulfan (10.6 ng L (40) reported protein level in crayfish haemolymph to be a reliable parameter for the physiological state. However, in our study no significant differences were found between the control and exposed groups. Haemocyanin is the predominant protein (80 % to 95 % of the total protein in the haemolymph) of decapod crustaceans (41) and known to be a biomarker of osmotic stress. Frontera et al. (42) reported unchanged total haemolymph protein values after exposure to 11.25 mg L -1 and 22.5 mg L -1 glyphosate for 50 days. (46) found epithelial disorganisation in hepatopancreas tubules. In addition, diameters and numbers of B cells increased after being fed with hexachlorobenzen-contaminated Chlorella for three days. As known (47) , exposure of crustaceans to pesticides can also lead to histopathological changes such as the interstitial sinus haemocytic infiltration, thickened and/or separated necrotic cells from the basal laminae, melanisation and coagulation in the thickened basal laminae, abnormal lumen of the tubules, necrotic tubules containing tissue debris, and haemocytes can constitute a wall around the thickened basal laminae of the tubules. Such severe histopathological changes were not observed in study.
Biochemical analyses
The results of radical formation and their pertinent significance to crayfish health after one-week exposure to 9 mg L -1 2,4-D were shown by MDA and FOX assays in hepatopancreas, abdomen muscle, and gill tissues of narrow-clawed crayfish, and are given in Figure 4 . MDA (the end product of lipid peroxidation) levels in hepatopancreas tissues increased after exposure to 9 mg L , and 20 μg L -1 of fenitrothion for 24 h. Variation among the studies might be due to different mechanisms of toxic action of the three different pesticide groups. As depicted in Figure 5 , the ferrous oxidation assay [FOXHP (hydrogen peroxide) equivalents] results for hepatopancreas and abdomen muscle did not change after exposure to sublethal 2,4-D. However, gill FOX assay results were significantly decreased after exposure to 2,4-D. The unchanged FOX assay results in hepatopancreas and abdomen muscle in the present study are in agreement with the results of Sarikaya et al. (47) . Peroxidative effects observed in sublethal 2,4-D toxicity may cause damage in gills as an early response of cell/tissue damage seen in parallel with histology results.
In conclusion, the overall results of the present study showed that 2,4-D exposure at its sublethal concentration did not affect haemolymph electrolytes. However, haemolymph glucose (which is a well-established stress parameter) and total number of haemocytes (which points to an immune reaction) were altered after 2,4-D exposure. Histopathological alterations and oxidative stress were found in hepatopancreas and gill tissues. The obtained results indicate a strong response to tissue damage following treatment, manifested by histological findings, and increased levels of lipid peroxidation markers in crayfish. Such findings suggest that both histological methods and lipid peroxidation markers can be used as reliable ecotoxicological biomarkers: an "early warning system" for the survival of a species, as well as for environmental quality monitoring/protection. Future studies with different model or indicator aquatic species should focus on lipid peroxidation but also elaborate other suitable potential markers useful both in field biomonitoring and under controlled experimental conditions. 
